Two types of xylanases (1,4-0-D-xylan xylanohydrolase, EC 3.2.1.8) were isolated from the culture filtrate of a thermophilic actinomycete, Streptomyces thermoviolaceus OPC-520. The enzymes (STX-I and STX-II) were purified by chromatography with DEAE-Toyopearl 650 M, CM-Toyopearl 650 M, Sephadex G-75, PhenylToyopearl 650 M, and Mono Q HR. The purified enzymes showed single bands on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The molecular weights of STX-I and STX-II were 54,000 and 33,000, respectively. The pls were 4.2 (STX-I) and 8.0 (STX-II). The optimum pH levels for the activity of STX-I and STX-II were pH 7.0. The optimum temperature for the activity of STX-I was 70°C, and that for the activity of STX-II was 60°C. The enzymes were completely inhibited by N-bromosuccinimide. The enzymes degraded xylan, producing xylose and xylobiose as the predominant products, indicating that they were endoxylanases. STX-I showed high sequence homology with the exoglucanase from Cellulomonasfimi (47% homology), and STX-II showed high sequence homology with the xylanase from Bacillus pumilus (46% homology).
Xylan is one of the major components of hemicellulose and has recently received increased attention as a renewable resource in the exploitation of plant biomass. It consists of a P-1,4-linked D-xylose polymer which commonly contains side branches of a-1,3-linked L-arabinofuranose and a-1,2-linked D-glucopyranose. Xylanases are enzymes which play important roles in the breakdown of xylan and therefore in the bioconversion of biomass materials for the production of xylose, from which single-cell protein, single-cell oil, or ethanol could be produced (4, 5) . Many microbial xylanases from fungi and bacteria have been purified and characterized, and the number of reports dealing with xylanases from thermophilic microorganisms is increasing. Recently, we isolated many thermophilic actinomycetes. One of the most interesting was Streptomyces thermoviolaceus OPC-520, producing a relatively high xylanase activity, which was isolated from decayed wood collected in Osakasayama City, Osaka, Japan. In the present paper we report the purification and properties of xylanases from the culture filtrate, as well as the taxonomy of the OPC-520 isolate. Partial amino acid sequences of STX-I and STX-II were determined and compared with those of xylanases from other microorganisms.
MATERIALS AND METHODS
Taxonomic studies of strain OPC-520. Details in the methods relating to taxonomic studies of strain OPC-520 were carried out as previously described (22) .
Xylanase production. The organism was inoculated directly into a production medium (100 ml) containing (in grams per liter) oat spelt xylan (Sigma), 1.0; yeast extract (Difco), 0.1; proteose peptone (Difco), 0.5; K2HPO4, 0.1; and MgSO4 7H20, 0.02 (pH 7.0), in a 500-ml flask and then cultured at 50°C on a reciprocal shaker for 24 h. After filtration of the culture with Toyoroshi no. 2 filter paper (Toyoroshi Co., Ltd., Tokyo, Japan), the filtrate was used as crude xylanase.
Xylanase assay. Xylanase was assayed by mixing a 0.5-ml aliquot of appropriately diluted enzyme with 0.5 ml of 1.0% oat spelt xylan in 50 mM Tris-HCl buffer, pH 7.0. After incubation at 70°C for 10 min, the reaction was terminated by adding 2 ml of 3,5-dinitrosalicylic acid reagent (15) . The mixture was heated in a boiling water bath for 5 min. Next, 5 ml of water was added and the A530 of the sample was measured. One unit of xylanase was defined as the amount of enzyme that liberated 1 ,umol of xylose equivalent in 1 min under the conditions described above.
Purification of xylanase. All purification steps were carried out at 4°C unless otherwise mentioned. The crude xylanase (540 ml) was dialyzed overnight against 50 mM acetate buffer, pH 5.0. The dialyzed enzyme solution was applied to a DEAE-Toyopearl 650 M column (1.9 by 40 cm; Tosoh, Tokyo, Japan) equilibrated with the same buffer. Two fractions of xylanase activity were obtained. Fraction I was eluted with the buffer containing 0.3 M NaCl, while the other fraction, Fraction II, was passed through the column. Fraction I was concentrated by ultrafiltration with Q 0100 membrane (Advantec, Tokyo, Japan). The (24) .
Molecular weight estimation. Molecular weights of STX-I and STX-II were estimated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) by the method of Laemmli (11) . Low-molecular-weight kit E (Pharmacia) was used as a molecular weight marker.
Protein estimation. Protein concentration was measured by the method of Lowry et al. (14) with bovine serum albumin as a standard.
Effects of pH and temperature on xylanase activity. Xylanase activity was measured at pH values from 4 to 10 under the standard assay conditions with oat spelt xylan as a substrate. Buffers used were 50 mM acetate buffer (pH 4 to 6), 50 mM Tris-HCl buffer (pH 7 to 8) and 50 mM glycineNaOH buffer (pH 9 to 10). The enzyme activities were also assayed at temperatures from 30 to 80°C at pH 7.0.
Effects of pH and temperature on xylanase stability. The initial activities of the enzymes were assayed under the standard assay conditions. The enzyme solution was preincubated for 30 min under various conditions without the substrate and immediately cooled down to 0°C. The remaining activities were then assayed.
Effects of various reagents on xylanase activity. The enzyme was preincubated with various reagents dissolved in 50 mM Tris-HCl buffer (pH 7) at 30°C for 30 min. Then, the residual activity was measured under the standard assay conditions. 
RESULTS
Taxonomic studies of strain OPC-520. Microscopic studies, cultural characteristics, carbohydrate utilization, and cell analysis of strain OPC-520 indicated that the strain was closely related to S. thermoviolaceus (data not shown). Therefore, strain OPC-520 was directly compared with S. thermoviolaceus IFO 13905. From the results of comparison, we regard strain OPC-520 as S. thermoviolaceus.
Purification of xylanases. S. thermoviolaceus OPC-520 produced and secreted two main and additional xylanases (2 to 5% of total) in the presence of xylan. In the purification procedure described above, STX-I and STX-II were purified about 15.6-and 27.8-fold, respectively. The recoveries of their activities were about 8.8 and 11.9% of culture filtrate, respectively.
Isoelectric point estimation. Isoelectric points of STX-I and STX-II were pl 4.2 and 8.0, respectively (data not shown).
Molecular weight estimation. The molecular weights of STX-I and STX-II were determined by SDS-PAGE (Fig. 1) . They were estimated to be approximately 54,000 and 33,000, respectively.
Effects of pH and temperature on xylanase activity. The effects of pH and temperature on the enzyme activities are shown in Fig. 2 and 3 . The optimum pH levels of STX-I and STX-II were pH 7 in 50 mM Tris-HCl buffer. The optimum temperatures of STX-I and STX-II were 70 and 60°C, respectively.
Effects of pH and temperature on xylanase stability. The effects of pH and temperature on xylanase stability are shown in Fig. 4 Amino acid analysis. The amino acid compositions of STX-I and STX-II are shown in Table 1 . STX-I and STX-II contained Cys residues. Histidine and methionine residues showed a low molar ratio (percentage) in these two enzymes.
Amino-terminal amino acid sequence. The amino-terminal 30 amino acid residues of STX-I were sequenced. This enzyme showed high sequence homology (47%) with exoglucanase from Cellulomonas fimi (17) as shown in Fig. 6 . On the other hand, the amino-terminal 29 amino acid residues of STX-II were also sequenced and compared with those of other microbial xylanases. These results are shown in Fig. 7 with literature values for xylanases from an Aureobasidium sp. (13) , Bacillus subtilis (18), Schizophyllum commune (19) , and Bacillus pumilus (6) . Particularly, STX-II showed high sequence homology (46%) with xylanase from B. pumilus. DISCUSSION S. thermoviolaceus OPC-520 produced relatively high xylanase activity when the microorganism was grown in a medium containing xylan as a carbon source. Two types of xylanases, designated STX-I and STX-II, were purified from the culture filtrate. Additional xylanases were also present; however, the amount was so little as to be negligible.
It was reported that color variants of Aureobasidium 5, respectively) . Lanes 6 and 7 were standard xylose (X) and xylobiose (X2) (Sigma), respectively, and the position of xylotriose (X3) was calculated by using the standard logl0(degree of polymerization) versus mobility relationship.
cultures of Thermoascus aurantiacus (10), Melanocarpus albomyces (2), Talaromyces byssochlamydoides (25), a thermotolerant Streptomyces sp. (9), Clostridium stercorarium (1), and Bacillus spp. (16) . However, this paper reports the first purification and characterization of xylanake from S.
thermoviolaceus. The thermostability of STX-I and) STX-II could be compared with that of other xylanases purified from thermophilic microorganisms. STX-I was stable in the range of pH 5 to 9 at 50°C for 30 min, while STX-II was stable in the range of pH 5 to 9 at 60°C for 30 min. Furthermore, these two enzymes retained their original activity on incubation at pH 7.0 for 6 days at 50°C (data not shown).
The molecular weights and isoelectric points of STX-I and STX-II were determined. These values fell within the range of molecular weights and pl values reported for microbial xylanases.
Endoglucanase activity is unwanted in most cases because it degrades cellulose fibers and destroys pulp properties (7) . Some of the xylanases attack not only xylan but also cellulose. Such enzymes have been obtained from Aspergil- residues of the enzyme were essential for the activity (9). STX-I and STX-II were also completely inhibited by N-bromosuccinimide, and xylan completely protected the enzyme activity from inactivation by N-bromosuccinimide (data not shown). Our results were in accord with the reports of Keskar et al. with the exception that p-chloromercuribenzoate had no effect on STX-I and STX-II (9) . These results suggest that the presence of tryptophan is essential for the activity.
There were no remarkable differences between the amino acid composition of STX-I and that of STX-II. However, partial amino-terminal sequences of these two enzymes were clearly different from each other. STX-II showed high sequence homology with xylanases from B. pumiluts (6) and S. commune (19) . On the other hand, STX-I showed no apparent sequence homology to other microbial xylanases. Surprisingly, this enzyme showed striking homology with exoglucanase from Cellulomonas fimi. STX substrate (data not shown). However, the ability to hydrolyze the substrate was very weak in comparison with that to hydrolyze xylan.
